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Introduction

In a proposal to the National Aeronautics and Space Administration,
dated October 1961, M.S. Blois and H.H. Pattee of the Biophysics Labora-
tory, Stanford University, outlined a series of experimental studies in
the field of molecular evolution. In particular, these studies contem-
plated the next level of molecular complexity, beyond the Miller experi-
ment, and included an evaluation of the possibility of the spontaneous

origin of catalytic activity.

One of the central questions we asked concerned the possibility of
finding any general rules governing the behavior of heterogeneous chemical
systems acted upon by a continuous energy source. It was, and remains,
our view that the field of molecular evolution is more in need of prin-
ciples having predictive value in such systems, than in the demonstration
that any given molecular species can arise under assumed primeval condi-

tions.

The theoretical and experimental work conducted under this grant has
led to a number of results which have been published. These are listed
below. Other experimental trials of general interest, which were incon-
clusive or which led to negative results, are described below very briefly.
One doctoral dissertation which resulted from this program accompanies

this report (Kenyon, 196L4).

In addition to the principal investigators, other individuals who
participated in this program were Dr. D.H. Kenyon, Mrs. Lina Taskovich,

and Dr. A.N. Tsvetikov.

Results of Experimental Studies

The experimental work conducted under this grant has resulted in the

following publications or papers:

(1) "n-electron Photochemistry of DL-phenylalanine in Oxygen Satu-
rated and Oxygen Free Solutions", D.H. Kenyon and M.S. Blois,
Photochemistry and Photobiology (in press).
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(2)

(3)

(%)

- (5)

(6)

"Random Polymers as a Matrix for Chemical Evolution", M.S. Blois,
in The Origin of Prebiological Systems, S. Fox, ed., Academic
Press, New York, 1965, p 19.

"The Optical and Photochemical Properties of Melanins",
M.S. Blois and D.H. Kenyon, Paper given at the International
Congress of Pnotobiology, Oxford, 196k4.

"Photochemistry of DL-Phenylalanine", Dean H. Kenyon Ph.D.
Dissertation, Stanford University, B.L. Report No. 124, 1964,

"Experimental Approaches to the Origin of Life Problem",
H.H. Pattee, in Advances in Enzymology, Vol. 27, F.F. Nord, ed.,
Interscience, New York, 1965, p 381 (attached as Appendix I)

"A Note on Chemical and Hereditary Evolution", H.H. Pattee,
Paper FC8, 9th Annual Biophysical Society Meeting, San Fran-
cisco, Feb. 24-26, 1965 (Abstract). (attached as Appendix II)

In addition to these papers, the expected number of negative results

and experimental difficulties ensued. These will be cited here for

* completeness.

a) Miller type experiments

1) A number of runs were made in the usual Miller type apparatus,

3)

starting with mixtures of CHH’ HEO’ and NH After a week's

excitation by an arc the solutions were yeliowish, opalescent,
and in a system having a volume of 4-5 liters, about a half
gram of solids were obtained. The UV absorption spectroscopy of
this material showed a strong and increasing absorption below

3200 A.

A run starting with ethanol, NHuOH, and Heo (using iron arc
electrodes to provide an Fe source) - the soluble portion showed
UV peaks at 2940 and 2100 A which disappeared when the solution
was brought to pH 10 with ammonia, and which shifted to slightly

longer wavelength at strongly acid pH.
A number of runs were made starting with ethanol, NHhOH, and
HEO’ yielding in each instance a yellowish, opalescent solution.
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L)

5)

The colloidal material responsible for the opalescence was shown
to give the same I.R. spectrum as an authentic sample of silica,
and confirms Miller's earlier report. The solution was shown to
contain double bonds (by Bayer's reagent), and formic and acetic

acids.

In order to evaluate the possibilities of dimerization in the

gas phase, mixtures of n-pentane and 2-Me pentane were irradiated
with 165 kv x-rays to a total dose of 50,000 rads in sealed
ampules. Subsequent gas chromatographic analysis showed the

presence of both Cll and 012 chains but no evidence of C chains.

10

In attempting to learn some of the general properties of organic
systems under continuous excitation, aqueous mixtures of formic
acid, glycine, and alanime (products of a Miller experiment)
were deoxygenated and sealed in ampules and irradiated with Co60
gamma rays. After various total doses of radiation, the osmolar-
ity of the solutions were measured with a Fiske osmometer. If
there had been a strong tendency of the system to form larger
molecular weight compounds the final osmotic pressure would fall;

if radiolysis were dominant the osmotic pressure would rise.

The following results were obtained:

X-ray dose Osmotic pressure
0 0.327
2 x 1oh rads 0.323
5 x 101L " 0.332 (0.329)
1 x 10° " 0.323  (0.331)
5 x 10 " 0.321
1 x 106 " 0.319
2.2 x 1o6 ! 0.315
1.5 x 100 " 0.280 (0.277)

The figures in parenthesis refer to ampules which
had been opened, and then measured a few hours later

to provide for gaseous products (such as H, or C02)

2
to escape from the solution.
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The general fall in osmolarity with radiation dose would be
consistent either with the formation of molecules of larger
molecular weights, or the production of gaseous products which
escaped during the very short intervals between opening the
ampules and measuring the osmotic pressure. However, the

radiation chemistry of formic acid shows the overall reaction:

HCOOH ﬂ-He + 002

so that for each molecule of formic acid which underwent

radiolysis, one molecule of H, was formed (which probably

would be lost from the solutioi for solubility reasons) and

one molecule of 002 was formed, and probably retained in
solution. The overall change in number of molecules would be
zero under these conditions. The radiation products of glycine
and alanine are known and do not include such volatile compounds.
We concluded therefore that the fall in osmotic pressure probably
implied an increase in the weight average molecular weight of the

system under these anaerobic conditions.

The experiment was re-run under similar conditions, except for
a three-fold increase in solute concentration, and similar
results were obtained. There appears to be an actual rise in

>

osmolarity at a dose of about 107 rads and then a decline in

osmolarity with doses up to 108 rads.

A similar decrease in osmolarity was noted with an aqueous

solution of glycine, irradiated with 2537 A, in the presence
of 02. Here the production of gas would not be expected, and
the fall in osmolarity is assumed to reflect an increase in the

weight average M.W.

The next phase of work included the study of spectral absorbance
changes produced in organic systems when irradiated with mono-
chromatic ultraviolet light. This work has been described
serially in earlier progress reports and more completely in the

accompanying publications.
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7) Since random polymers of the melanin type are thought to have
been produced -- perhaps as the earliest abiogenic macro-
molecules ~- under primeval earth conditions, these systems
were examined for catalytic activity. The general approach was
to use melanin-like polymers synthesized in the presence of
small amounts of trace metals -- ordinarily Fe ion -- and test
these with simple substrates for oxidase activity. Tracer
techniques and chromotography were employed, and while clear
evidence of oxidative activity was found in several systems,
the role of contaminating microorganisms could not be convinc-
ingly excluded. The use of stringent sterilization methods such
as autoclaving inhibited the activity observed, but whether it
did so by eliminating microorganisms or by modifying the polymer,
is not known. This series of experiments has not yet led to any

definite conclusions.

Theories of Molecular Evolution

Dr. Pattee's interest in molecular evolution has centered at the
minimum level of complexity at which hereditary control of reactions
could have begun; that is, at the stage where some form of molecular
memory exists. Memory in this sense means a set of metastable states
which differ little in energy but which have significant activation
barriers for transitions from one state to another. These conditions
are fulfilled by linear copolymers which may be linearly ordered as well

as ordered in three dimensions.

A considerable amount of review and study of polymer crystals and
tactic polymerization processes has been necessary because of the recent
rapid advances in these fields. Both precise conformation control and
linear sequence control are the essential operations which must be accom-
plished in living systems, and it is of great significance that these
operations can now be demonstrated in a wide variety of simple nonbiolog-

ical polymers (1-6).

A review of current experimental approaches to the origin of life

including a compilation of abiogenic syntheses was also made and will be
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published shortly in Advances in Enzymology, Vol. 27, F.F¥. Nord, ed.,

Interscience, New York, 1965. A copy of the proof accompanies this

report (Appendix I).

The experimental approach which Dr. Pattee's group is studying is
at the copolymer level of molecular organization. From the evidence of
the many abiogenic synthesis experiments summarized in Table I, p 382-
386, in the above article, it is reasonable to assume the existence of
copolyamino acids, copolynucleotides and other polymeric material, at
least in dilute solution, in the primitive oceans. The variety of
organic material produced by non-specific energy sources on the sterile
earth has been shown to be enormous. The next problem, then, is the
selection, concentration, or segregation of such a dilute heterogeneous
mixture into more ordered aggregations which may possess self-organizing
properties. The inorganic minerals of the earth have undergone this
segregation process by precipitation, crystallization, sedimentation,
and by many other physical or chemical processes, and there is every
reason to believe that the organic material in a sterile ocean would

also undergo selective processes.

For example, one of the most efficient processes for concentration
of surface active material is by surface film formation or foaming
(T, 8). The wind and waves near the seashore provide a continuous pro-
duction and collection mechanism for such surface active material.
Copolyamino acids and lipids are of course strongly surface active and
would be concentrated by this process. Riley (9) and others have
recently demonstrated that the foaming process is an essential step of
the ecocycle of zooplankton and many larger marine organisms. Experi-
ments have been started to determine if synthetic copolyamino acids, such
as might have been formed abiogenically, can be fractionated and concen-

trated by foaming.

A second selective process which may have been common on the sterile
seashore would occur at the other phase boundary between the solid sur-
faces of sand and clay minerals on the beach. This is a very complex
region involving many cyclic processes such as waves, tides, diurnal UV

and visible irradiation, and seasonal changes, as well as the many types
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of minerals and states of aggregation of sands and clays, which may

strongly affect reactions and separation phenomena (10, 11).

No experiments on simulated sterile primitive seashores have yet
been done with the idea of studying the organic polymer chemistry in
such systems. Our preliminary studies have been attempts to understand
the essential types of selection processes, photochemical, physical and
surface activated, which might be studied in a suitable geophysically
realistic experiment of this type. While it is apparent that the condi-
tions on a primitive seashore four billion years ago are uncertain, there
is no strong evidence for great discontinuities in the general behavior
of seashore processes (12). oOn the other hand, there is good evidence
that concentration and segregation of heteropolymers would occur, along
with photochemical reactions which would serve as strong selective forces
in determining the organic polymeric organizations on the primitive
earth. For this reason, we consider simulated sterile seashore experi-
ments of comparable importance to the abiogenic syntheses which generate

great chemical variety.

As a complementary approach to experiments with linear copolymers,
there is the fundamental question of how such strings of subunits can
serve as a hereditary control and gradually accumulate hereditary informa-
tion by selection processes. Although tactic copolymerization must be
treated as a hereditary process, there is no good model of how ordered
sequences come to evolve greater and greater complexity in a relatively
disordered environment. This problem may be stated as follows: what is
the simplest set of monomer units and polymer interactions which will
accumulate linear order in copolymers by hereditary selection? This is
the general problem of the self-organizing system applied specifically to
linear chains. Only a few suggestions have been made (13, 1k, 15) along
these lines, but the results are suggestive and stimulating. We are
presently considering simulation programs of string-processing automata
or linear sequence generators which possess the property of accumulating
linear order by random search and selection processes. We have attempted
to reduce this process to its most elementary logical form and to find

the closest chemical representation of this general structure (16).
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TABLE T

Abiogenie Synthesest

Substanees synthexized

Starting
materialsh

Energy
source

References

Formie acid, formaldehyvde
Oxalie aecid, fumarie acid

CO)y, H0, (FesO,)
Glyeine

Helium ions
Heat

Garrison et al. (1951)
Hevns and Pavel (1957)

Formie acid and higher fatty acids, urea HCN, NH.OH, H,0 Heat Lowe, et al. (1963)
Glyeolie aeid, lactie acid, formie acid, acetic acid, pro-  CH,, NH,, Hy, H0 Electrice Miller (1953, 1955, 1959);
pimmie acid, a-hydroxybutyrie acid, suecinie acid, discharge Miller and Urey (195%)
urea, methyvi urea
Glyeolie acid, lactic acid, formic acid, glycinamide Formaldehyde, hydroxyl-  Heat Oré et al. (1959)
amme
Amino Aeids
a-Alanine, g-alanine, glycine, sarcosine COC0), No«(NH;), Hs, Electrie Abelson (1956)
H.0 discharge
Aspartic acid, aspayagine, arginine, glycine, serine,  Paraformaldehyvde, Sunlight™ Bahadur (1954, 1959)
I.\'silw,lprul‘ine, histidine, valine KNO, (FeCly)
Amino m‘:ids and amines (unidentified) CH,, CO:, NH;, Hy, HiO0 X-rays Doxe und Rajewsky (1957)
Aspartie acid, alanine Malie acid, urea
Glyeine Ghicose urea, a-hydroxy-  Heat Fox (1960)
Glutamie acid glutarie acid, NH;
Aspartie acid, alanine Ammonium fumarate, Heat Fox et al. (1965)
ammonium malate
Glyeine, alanine, sareosine CH,, NH;, Hx y
Glyeine, alanine, ::‘gn'('nsin('. higher amino acids, amines  Cl{y, NH,, H0 Ultravin;let Groth (1957)
Aspartic acid, threonine, perine, glutamie acid, proline,  CH,, NHs, H:0 Heat Harads apd Fax (1964)
glyveme, alanine, valine, allo-isoleucine, isoleucine, )
leucine, tyrosine, phenylalanine, a-aminobutyric
acid ' ) '
Alanine, asparagine, glyeylglyeine Glyeine Heat Heyns and Pavel (1957)
Glycine, a-alanine, g-nlanine, sarcosine, ammjinobu-  CHy, COs, NHs, Ny, Hy,  Ultravigiet,.  Heyns et al. (1957)
tyric acid H,S
‘ TABLE I (continued)
Starting inergy
Substances synthesized materials source leferences
Amino Acids (continued)
Aspartie acid, threonine, serine, glutamice acid, glyeine,  HCN, NH,0H, H,() Heat Lowe et al. (1963)
alanine, isoleucine, lencine, g-alanine, a-g-diamino-
propionie acid, e-aminobutyric acid and five others
(unidentified)
Glyeine, alanine, sarcosine, g-alanine, a-aminobutyriec  CH,, NHy, H,, HyO Electrie Miller (1953, 1935, 1950);
acid, N-methylalanine, aspartic acid, glutamie acid discharge Miller and Urey (1959)
Glyveine, alanine, aspartic aeid, asparagine, isoleucine,  CHy, C:Hs, NH,OH, HyO  Electrie Ord (1963)
proline and others (unidentified) discharge
Glyeine, alanine, aspartic acid HCN, NHOH Heat Ord and Kamat (1961)
Glyeine, nlanine, g-alanine, serine, aspartic acid, thre-  Formaldehyde, hydroxyl-  Heat Ord et al. (1959)
onine amine
Glyeine and possibly alanine (NH).C)y X-rays Paschke et al. (1957)
Glycine, alanine, serine, glutamic acid, valine, iso-  Formaldehyde, NH,Cl Ultraviolet = Paviovskaya and. Pasyn--
leucine, phenylalanine, and basic amino acids (un- NH;NO; skii (1959) .
identified)
a-Alanine, g-alanine and others (unidentified) CH,, CO, NH;, HO0 Ujltraviojet  Tepenin (1959)°
’ (ALO;, aluminosili-
cates, silicates)
Polypeplides
Polyglycine Aminoacetonitrile, HyO Heat Akabori (1959) *
(kaolinite)
Polyglycine with seryl or $hreonyl side chaing Polvglycine, formalde- Head
’ hyde or acetajdehyde
( Kaolinite)
Peptide infrared band CH,, NH L H0, FeS Ultravioled Ellengoben (1958)
Copolymers of aspartic acid with each of six other  Aspartic acid + other  Heat Fox (1960)
amino acids amino acids
‘Panpolymers’ of aspagtic acid, glutamic acid, and 16 Aspartie acid, glutamice Heat Fox and Harada (1960) °

other amino acidy

acid 4+ other amino
acids



TABLT T (continued)

Starting Energy
Substanees synthesized materials source leferences
Polypeptides (continnued)
Copolymers of glutamie acid or pygpoglutamic acidand  Aspartic acid, glutamie Heat Harada and Fox (1938)
6 or 7 other amino acjds acid + other amino
acids
Copolymers of aspartic acid and glutamic acid Aspartie acid, glutamje Heat Harada and Fox (1960)
aeid
Peptides (uncharactesized) HCN, NH,0OH, H.O Heat Lowe el al. (1963)
Polvglyeine Glyeine, NH,OH Heat Oré and Guidry (1961)
Polyarginine Arginine (cthyl meta- Heat pchramm et al. (1962)
phosphate)
Poly(alanyl-glyeyl-glyeine) Alany]-glyeyl-glyveine Heat Sehramm and Wissman
(ethyl metaphosphate) (1958)
Purines, Pyrimidines, Nucleosides, Nucleotideg ‘
Uracil Malie acid, urea Heat Fox and Harada (1961)
Adenine, hypoanthine HON, NHOH, H0 Heat Lowe et al. (1963)
Adenine CH,, NH,;, H,O Llectrons Ponnamperuma et al,
(4.5 (1963)
m.e.v.)
Adenosine Adenine, ribase Ultraviolet  Ponnamperuma el al,
(1963)
ATP Adenine, ribose, ethyl Ultraviolet  Ponnamperuma et al.
metaphosphate (1963)
Adenosine, ethyl meta-
phasphate
AMP, ethyl metaphos-
phate
Adenine HCN Heat Or6 and Kimball (1962)
(NH,OH)
Adenosine, deoxyudenosine Adenine, ribose, deoxy- Heat Schramm et al. (1962)
ribose (ethyl metaphos-
pate)
Polynucicolides
Polyribonueleotides, e.g., poly-A, poly-U, poly-C, and = Nucleoxide 2'-, 3'-, or 5~ Heat Schramm et al. (1962)
various copolymers. monophosphates
Polydeoxyribonucleotides, e,g. poly-dT, 2'-Deoxynucleoside-5'- Heat
monophosphates (ethyl
metaphosphate) : '
Poly-C Cytaosine 2'- or 3-mono-  Heat Schwartz (1964)
phosphate (ethyl meta-
Sugars phosphate)
Ribose, deoxyribose Formaldehyde Ultraviolet  Ponnamperuma and Mari-
ner (1963)
Cellibiose Glueose, methyl glucose Heat Schramm et al. (1962)
(ethyl metaphosphate)
Polysaccharides
Polvglucose Glucose Hent Mora (1958, 1964) ¢
Polyglucose Glucose (ethyl metaphos-  Heat
phate)
Polyribose Ribose Heat Schramm et al. (1962)
Polyfructose Fructoxe (ethyl meta- Heat
phosphate)
Other Substances
Melanic polymers Phenylalanine Ultraviolet  Blois (1964); Blois and
Kenyon (1964): Kenyon
and Bloix (1964)
Polymers which yvield amino acids and urea upen hy-  HCN, NH,OH, H:0 Heat Lowe, Rees, and Mark-
drolysis ham (1963)
Porphine-like substances Pyrrole + an aldehyde Ultraviolet;  Szutka (1963, 1064)
X-Tays
High molecular weight hydroearbon polymer CH,, NH,OH, H,0, H.8, Electrie Wilxon (1960)

yveast axh discharge

» The selection of entries in this table is illustrative rather than exhaustive. Inclusion in this table impliex that xome attempt
has been made to simulate primitive earth or planetary conditions, even though many of these reactions have been known for
years, and may have a large number of references in the literature of organic chemistry.

© Compounds in parentheses function as caiaiysis. :
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ADSTRACT OF PAPER PRESTNTED AT NINTH ANNUAL BIOPHYSICAL SOCIETY MEETING

San Froancisco, February, 1965

A NOTE ON CHEMICAL AND HEREDITARY EVOLUTION. H. H. Pattee, Biophysics

Laboratory, Stanford University, Stanford, California.

When mixtures of simple molecules supplied with an energy source react
to form increasingly complex structures and interactions, there is gener-
ally no corresponding increase in hereditary information or homeostatic .
control. Growth of chemical complexity in itself does not account for
accumulation and propagation of hereditary control. Since hereditary con-
trol in living systems is stored and transmitted by linear sequences of
copolymers, a theory of the origin of living systems should consider
(a) the most elementary set of operations in linear copolymer systems
which delay and propagate hereditary order, (b) the types of feedback
interactions which may selectively accumulate hereditary order, and (c)
measures of fitness at this primitive level, which will determine the se-
quence of early evolutionary steps. A set of simple tactic copolymeriza-
tion and polymer crystallization processes is proposed as one reasonable
chemical system capable of hereditary propagation. Direct and delayed
feedback interactions within and between copolymers and with the environ-
ment are considered as selective forces insofar as they affect the heredi-
tary information. Two alternative hypotheses are considered: The first
significant hereditary process in the origin of life was (I) template
replication of single linear copolymers followed by blind trials and natu-
ral selection of coupled homeostatic control systems; or (II) homeostatic
control of hereditary copolymer propagation causing increasing isolation
of the hereditary sequences from envirommental control, gradually leading
to self-replication of total systems. Possible approaches for experimen-
tally testing these alternatives are suggested. (Work supported by NASA

Grant NsG 218-62).




